Aim: The present study investigated the possible regulatory mechanisms of redox agents and hypoxia on the K ATP current (I KATP ) in acutely isolated rat ventricular myocytes. Methods: Single-channel and whole-cell patch-clamp techniques were used to record the K ATP current (I KATP ) in acutely isolated rat ventricular myocytes. Results: Oxidized glutathione (GSSG, 1 mmol/L) increased the I KATP , while reduced glutathione (GSH, 1 mmol/L) could reverse the increased I KATP during normoxia. To further corroborate the effect of the redox agent on the K ATP channel, we employed the redox couple DTT (1 mmol/L)/H 2 O 2 (0.3, 0.6, and 1 mmol/L) and repeated the previous processes, which produced results similar to the previous redox couple GSH/GSSG during normoxia. H 2 O 2 increased the I KATP in a concentration dependent manner, which was reversed by DTT (1 mmol/L). In addition, our results have shown that 15 min of hypoxia increased the I KATP , while GSH (1 mmol/L) could reverse the increased I KATP . Furthermore, in order to study the signaling pathways of the I KATP augmented by hypoxia and the redox agent, we applied a protein kinase C(PKC) inhibitor bisindolylmaleimide VI (BIM), a protein kinase G(PKG) inhibitor KT5823, a protein kinase A (PKA) inhibitor H-89, and Ca(2+)/calmodulin-dependent protein kinase II (CaMKII) inhibitors KN-62 and KN-93. The results indicated that BIM, KT5823, KN-62, and KN-93, but not H-89, inhibited the I KATP augmented by hypoxia and GSSG; in addition, these results suggest that the effects of both GSSG and hypoxia on K ATP channels involve the activation of the PKC, PKG, and CaMK II pathways, but not the PKA pathway. Conclusion: The present study provides electrophysiological evidence that hypoxia and the oxidizing reaction are closely related to the modulation of I KATP .
Introduction
ATP-sensitive potassium (K ATP ) channels are found at a high density in the heart [1, 2] . These channels are thought to play a major role in protecting the heart from ischemia-induced damage. The activation of K ATP channels reduces the action potential duration, thus decreasing contractility and conserving energy during periods of ischemia. The first K + channel that was found to be modulated by hypoxia in the heart was the K ATP channel [3] . Moreover, hypoxia, presumably at a level able to cause metabolic inhibition, was shown to activate these channels [4] . Several studies have demonstrated that cells exposed to hypoxic conditions produce increased levels of reactive O 2 species (ROS) derived from the mitochondrial electron transport chain (mtROS) [5] [6] [7] . The generation of mtROS under hypoxia would likely alter the intracellular redox status [8] . Other researchers have confirmed that oxidizing agents such as hydrogen peroxide (H 2 O 2 ) can enhance I KATP [9] . It has been reported that glutathione levels are decreased by hypoxia in certain cell types [10] [11] [12] . Glutathione (GSH) acts as an intracellular redox buffer. For example, intracellular ROS formed under oxidative stress are reduced by glutathione peroxidase with the concomitant conversion of GSH to oxidized glutathione (GSSG) [13] . This process effectively protects the cell from oxidative damage. Typically, GSSG is then converted to GSH via glutathione reductase or effluxed from the cell and degraded by extracellular-glutamyl transpeptidase [14, 15] . The oxidation state and intracellular concentration of glutathione are therefore useful indicators of oxidative stress in cells. The redox modulation of ionic channels has been reported for various channels and various tissues [16, 17] . Many redox agents www.nature.com/aps Yan XS et al
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npg have been applied to test the link between redox regulation and hypoxic potassium channels [18] . However, the effects of GSH/GSSG, a major intracellular redox couple, on K ATP channels are seldom reported. Furthermore, many reports indicate that I KATP are subject to modulations due to many signaling pathways such as protein kinase C(PKC), protein kinase A(PKA) and protein kinase G (PKG) [19] [20] [21] . However, little attention has been paid to the relationship between the effects of the redox reaction and hypoxia on I KATP about the signaling pathways.
As hypoxia appears to act as an oxidizing agent [22, 23] and it is likely to alter the intracellular redox status, to probe into the relevant regulatory mechanisms underlying the relationship between hypoxia and oxidizing agents, we used GSH/hypoxia and GSH/GSSG as different "redox systems" to observe their effects on I KATP . These systems were used to further explore the possible correlation between the impacts of the redox reaction and hypoxia on I KATP about the signaling pathways by employing whole-cell and single channel patch clamp recordings in cardiomyocytes.
Materials and methods

Cell isolation
Adult rats (250−300 g, of either sex, Experiment Animal Center of Wuhan University of Science and Technology, Wuhan, China) were anesthetized with pentobarbital sodium (25 mg/kg, ip) 20 min after an intraperitoneal injection of 2000 U heparin. The hearts were rapidly excised and retrograde perfused on a Langendorff apparatus with Ca 2+ -free Tyrode's solution for 5 min; subsequently, the perfusate was switched to an enzyme-containing solution [0.1 g/L collagenase type I, 0.5 g/L bovine serum albumin (BSA) in the same solution] for 5 min. The perfusate was finally changed to a KB solution containing the following (mmol/L): KOH 70, taurine 20, glutamic acid 50, KCl 40, KH 2 PO 4 20, MgCl 2 3, ethylene glycol bis-(2 aminoethylether) tetraacetic acid (EGTA) 0.5, Triisopropylphenylsulfonyl (Tris) 10, and glucose 10, pH 7.4, for 5 min. These perfusates were bubbled with 95% O 2 +5% CO 2 and maintained at 37 °C. The ventricles were cut into small chunks and gently agitated in the KB solution. The cells were filtered through nylon mesh and stored in the KB solution at 4 °C. All procedures met the Guide for the Care and Use of Laboratory Animals regulated by the Administrative Regulation of Laboratory Animals of Hubei Province.
Induction of hypoxia
The cell being examined was continuously perfused with extracellular solution that was flowed through a small plastic tube from a test tube. Hypoxia was achieved by bubbling the perfused solution in this test tube with 100% N 2 and saturating for at least 50 min. The cells were perfused at a constant flow rate (2 mL/min). Meanwhile, the perfusing bath was covered by a relatively tight covering and was bubbled with 100% N 2 to prevent the oxygen in the air from diffusing into the perfused solution. The oxygen tension in the bath could be reduced to about 2.66 kPa (20 mmHg) in 3-5 min and was monitored with an ISO 2 isolated dissolved oxygen meter (WPI, USA).
Recording of cardiac K ATP channels
Electrophysiological recordings were performed in ventricular myocytes dissociated from the rat hearts [24] . The pipettes (7-10 MΩ) were filled with (in mmol/L) KCl 140, CaCl 2 1, MgCl 2 1, HEPES-KOH 5 (pH 7.4). The bath solution contained (in mmol/L): NaCl 144, NaH 2 PO 4 0.33, KCl 4.0, CaCl 2 1.8, MgCl 2 0.53, glucose 5.5 (pH 7.4) with NaOH. For the inside-out configuration, the cells were superfused with an 'internal solution' containing (in mmol/L): KCl 140, MgCl 2 1.0, EGTA 10, CaCl 2 2.0 and HEPES 5 (pH 7.4). An ATP-containing solution (intracellular solution, supplemented with 1.0 mmol/L MgATP and 0.8 mmol/L MgCl 2 ) was used to close the K ATP channels completely and to inhibit channel run-down. For whole-cell recording, the pipettes (2−3 MΩ) were filled with the 'internal solution' plus 1 mmol/L ATP, and the cardiomyocytes were superfused with the Tyrode solution (in mmol/L): NaCl 136.5, KCl 5.4, CaCl 2 1.8, MgCl 2 0.53, glucose 5.5, HEPES-NaOH 5.5 (pH 7.4). The single-channel currents and whole-cell currents were recorded alternately using two pulse protocols. The first protocol was a single pulse with 500 ms voltage steps from a holding potential of -40 to +80 mV, and the second protocol involved several depolarizing pulses with a duration of 15 ms applied at 0.25 Hz from a holding potential of -40 mV in 10 mV steps between -80 and +80 mV. All experiments were carried out at room temperature (22-24 °C) . The capacitance and series resistances were adjusted to obtain the minimal contribution of the capacitive transients. A 60%−80% compensation of the series resistance was usually achieved without ringing. The currents were obtained with a patch-clamp amplifier (EPC-9, Heka Electronic, Lambrecht, Pfalz, Germany), filtered at 2 kHz, digitized at 10 kHz, and stored on a computer hard disk for further analysis.
Drugs and reagents
Collagenase type I was obtained from Gibco (GIBCO TM, Invitrogen, Paisley, UK). Bisindolylmaleimide VI BIM, KN-93, KN-62, KT5823, H-89, GSH, GSSG, Pinacidil, and Glibenclamide were purchased from Sigma Chemical (Saint Louis, MO, USA). Bovine serum albumin (BSA), HEPES, and DTT were obtained from Roche (Basel, Switzerland). H 2 O 2 was a production of Wuhan Zhongnan Chemical Reagent Co (Wuhan, China). All other chemicals were purchased from Sigma Chemical (Saint Louis, MO, USA). BIM, KN-93, KN-62, KT5823, H-89, pinacidil, and glibenclamide were dissolved in DMSO and diluted into the test solution appropriately prior to the study. The final concentration of DMSO in the test solution did not exceed 0.01%. We confirmed that DMSO at this concentration had no effect on the K ATP channel activity. After the drugs were added to the test solution, the pH was readjusted to 7.4 with KOH. BIM, KN-93, KN-62, H-89, pinacidil and glibenclamide were freshly prepared before the experiments and were diluted into the test solution to obtain the final concentrations indicated in the text. Data and statistical analysis When the I KATP was recorded from the single rat ventricular myocytes by the single-channel patch clamp method, a "50% threshold" criterion was used to detect the events with the help of manual confirmation. The unitary current amplitude of the I KATP was measured by two different histogram methods. In order to discriminate the distribution of the unitary amplitude of the I KATP from that of I k1 (inward rectifier channel current), a histogram was formed using the averaged amplitudes of the openings. Openings shorter than 0.3 ms were not included. Thereafter, the histogram was expressed by a sum of several gaussian distributions with mean and variance [25] . The open and closed times were measured from the records where only a single channel was activated. Each apparent distribution histogram of open or closed time was formed from a length of continuous recordings lasting more than 120 s. The distribution of the open time was obtained by measuring the lifetime of the open events and bursts separately. To measure the lifetime of the open events, the cut-off frequency of the filter (f c ) was set at 10 kHz to increase the resolution; meanwhile, to measure the lifetime of the bursts, the f c was set at 0.1 kHz to decrease the errors in detection caused by flickering [26] . The distribution of the closed time was obtained in a similar way, but measurements of the shut time within bursts were performed instead of the lifetime of open events (any shut time longer than 20 ms was discarded); similarly, the closed time between bursts, instead of the lifetime of bursts, was measured (any closed time longer than 600 ms was discarded). A simple method of least-squares analysis [27] was applied to fit a probability density function to the open or closed times with a form of single or double exponentials. The number of openings was also analyzed to estimate the kinetics of the channel activity. Generally, the openings of a K ATP channel are grouped in clusters of bursts, with each burst often divided into several short openings by some brief closures. In order to analyze the number of bursts per cluster, the f c was also set at 0.1 kHz to eliminate those very brief closures within the bursts. A critical closure time of 600 ms was chosen in order to separate one cluster from another. Channel activity was expressed as NP 0 , where N represents the number of channels and P 0 represents the open channel probability. Single-channel analysis was performed as described [28, 29] . When the I KATP was recorded from single rat ventricular myocytes by the whole-cell patch clamp method, the increased times of K ATP by GSSG or hypoxia was calculated according to the following equation: Increased times=(I GSSG -I bas )/I bas, where I GSSG and I bas were the currents recorded with GSSG and the basal (background) current, respectively. The amplitude of the currents was calculated from the values of I KATP at the end of ten consecutive pulses. Figures were plotted by Origin (V7.5, Origin Lab Co, MA, USA). Statistical significance between two groups and multiple groups were evaluated by Student's t-test and one-way analysis of variance (ANOVA), respectively. All values were expressed as means±SD, and the number of cells (n) in each group was given. P<0.05 was considered statistically significant.
Results
Confirmation of K ATP currents
After 15 min of perfusion with 1 mmol/L GSSG to obtain stable K ATP channel activity, the single-channel K + currents were recorded, and glibenclamide was subsequently applied to confirm these results in the cell-attached patch mode (symmetrical 140 mmol/L K + ) from the rat ventricular cells at various membrane potentials ( Figure 1A) . The current-voltage relation for this channel is shown in figure 1B , with the conductance of the unitary inward current being 80±3.6 pS (n=6); in addition, a slight inward rectification was observed at the positive membrane potentials. The open-time histograms (at -80 mV) were fitted by a single exponential curve with a time constant of 1.321±0.078 ms (n=7, Figure 1C ). The conductance and kinetic properties of this K + channel were similar to those previously reported for the K ATP channel for cardiac cells [30, 31] . The effects of GSSG on these K ATP channels were examined under various conditions. The individual current traces were evoked by a 500 ms voltage pulse to +80 mV from a holding potential of -40 mV in a cell-attached patch. The bath application of 1 mmol/L GSSG stimulated the K ATP channels, which were previously abolished by 5 µmol/L glibenclamide ( Figure 1D-1F ). After perfusion with 1 mmol/L GSSG, the I KATP increased markedly and reached its maximum at about 15 min, while the current amplitudes remained unchanged. The application of 5 µmol/L glibenclamide (applied after 15 min perfusion with 1 mmol/L GSSG) abolished the GSSG-increased I KATP . On the other hand, 1 mmol/L GSSG increased the mean open probability of single K ATP channels from the control value of 0.006±0.0007 to 0.496±0.044 (n=6, P<0.01 vs control), which was reduced to 0.018±0.0012 after exposure to 1 mmol/L GSH (n=6, P<0.01 vs 1mmol/L GSSG).
Modulation of channel kinetics by oxidized reductant and hypoxia
The individual current traces were evoked by a 500 ms voltage pulse to +80 mV from a holding potential of -40 mV in a cell attached patch. In six cell-attached patches, the I KATP was very poor or even invisible before the application of GSSG ( Figure  2A ). After perfusion with 1 mmol/L GSSG, the I KATP increased markedly and reached a maximum at about 15 min, but the current amplitudes remained unchanged. Figure 2B npg corresponding all-point histograms from another cell-attached patch. Consequently, we can conclude from the results that the action of the redox couples was bidirectional: the reducing agents decreased the K ATP channel activity, whereas the oxidizing agents increased the activity.
To study the possible correlation between the redox reaction and hypoxia on the I KATP , we used hypoxia/GSH as a "redox system" to observe its effects on I KATP . Similarly, six cell-attached patches were perfused with modified Tyrode's solution saturated with 95% O 2 +5% CO 2 (control) and then exposed to a hypoxia solution for 15 min (hypoxia). The I KATP were very poor or even invisible before hypoxia ( Figure  4A ). After hypoxia for 15 min, the I KATP increased markedly, and stable K ATP channel activity was obtained; however, the current amplitudes remained unchanged. Figure 4B shows a burst of I KATP after hypoxia, which reached a maximum at about 15 min. The application of 1 mmol/L GSH (after hypoxia for 15 min) depressed the hypoxia-increased I KATP ( Figure 4C ). The open and closed time distributions were analyzed to estimate the actions of the oxidized reductant and hypoxia on the kinetic properties of the I KATP . The experimental protocol was the same in principle as those shown in Figure 2 , 3, and 4. To examine the effect of the oxidized reductant on the gating kinetics of the K ATP channels, the open time histogram, which was analyzed from the current record filtered at a cut-off frequency of 10 kHz, revealed a single exponential distribution with a time constant (τ o ) of 1.688 ms for the control condition ( Figure 5A ). In the presence of 1 mmol/L GSSG ( Figure 5B ), the open time constant did not differ from that in the control (to 2.226 ms). After exposure to 1 mmol/L GSH (1 mmol/L GSSG+1 mmol/L GSH), it still did not differ from that in the presence of 1 mmol/L GSSG (to 1.851 ms). The lifetime of a burst was defined as the open period observed in the data filtered at a cut-off frequency of 0.1 kHz. The histogram of the Figure 5K ). However, after exposure to 1 mmol/L GSH (1 mmol/L GSSG+1 mmol/L GSH), it was markedly increased to 221.3 ms. Thus, it seems that GSSG and GSH do not influence the rapid open and closed times within the burst. Rather, GSSG may produce an increase in the burst durations and a decrease in the interburst intervals, as shown in Figure 5 , resulting in an increase in the channel activity (Figure 2 ). On the other hand, GSH may produce a decrease in burst durations and an increase in the interburst intervals, as shown in Figure 5 , resulting in an increase in the channel activity ( Figure 2 ). To further corroborate the effect of the redox agent on the K ATP channel, we employed the redox couple, DTT/H 2 O 2 and GSH/Hypoxia ( Table 1) . The experimental protocol was in principle the same as those shown in Figure 5 . Our data from this study demonstrate that τ b was largely increased by hypoxia or oxidant (GSSG and Conversely, τ c .s was largely decreased by hypoxia or oxidant (GSSG and H 2 O 2 ), whereas it was increased by reductant (GSH and DTT). However, it is worth noting that the open time (τ o ) and short closed time (τ c .f and τ c .f') were not affected by GSH/ GSSG, DTT/H 2 O 2 or hypoxia, because these values were not statistically significant under those conditions. Therefore, we can conclude from the results that from the kinetic perspective, the changing tendency by which hypoxia and oxidant (GSSG and H 2 O 2 ) modulate the K ATP channel kinetics are similar, whereas the varying trend by which oxidant (GSSG and H 2 O 2 ) and reductant (GSH and DTT) modulate the K ATP channel kinetics are opposite to each other. Hence, we maintain that the redox reaction definitely plays a role in the modulation of I KATP . Furthermore, we assume that hypoxia and the oxidizing reaction are closely involved in the modulation of I KATP .
Consequently, we further confirmed our previous results from the kinetic perspective, in that the changing tendency by which hypoxia and oxidant GSSG/H 2 O 2 modulate the K ATP channel kinetics are similar, whereas the varying trend by which oxidant GSSG/H 2 O 2 and reductant GSH/DTT modulate the K ATP channel kinetics are opposite to each other. As a result, we reiterate that the redox reaction definitely plays a role in the modulation of I KATP . Furthermore, we assume that hypoxia and the oxidizing reaction have a close relationship with the modulation of I KATP . Both hypoxia and GSSG failed to increase the K ATP current in the inside-out experiment The excision of the patch membrane into an ATP-free solution produced a robust opening of those single-channel currents that were sensitive to glibenclamide (5 µmol/L). In the absence of internal ATP, the channels ran down gradually, indicating that the single-channel events were openings of the K ATP channels. In contrast, either hypoxia for 15 min (only 5.2% increase of control, n=6) or 1 mmol/L GSSG applied to the internal side of the patch membrane failed to produce a similar effect (only 4.9% increase of control, n=5). Therefore, these findings suggest that both hypoxia and GSSG do not act upon the K ATP channels directly but affect them indirectly by activation of the signaling pathway.
GSSG or hypoxia increases the K ATP current through the PKC, PKG, and CaMK II pathways without being mediated by the PKA pathway To further explore the signaling pathway through which GSSG or hypoxia increased I KATP , we applied a PKC inhibitor BIM, a PKG inhibitor KT5823, Calcium/calmodulin-dependent protein kinase II (CaMK II) inhibitors KN-62 and KN-93 and a PKA inhibitor H-89 to investigate their impacts on the mean open probability of K ATP channels induced by hypoxia or GSSG ( Figure 6A-6E) . The open probability (P o ) was calculated as a fraction of the total length of time, so that each channel was in an open state over the total recording duration. Figure 6A -6E illustrates the external application of inhibitors to the rat ventricular myocytes. After hypoxia for 15 min or the application of 1 mmol/L GSSG to obtain a stable K ATP channel activity, the recorded cells were then exposed to an increasing dose of inhibitors (PKC inhibitor BIM, PKG inhibitor KT5823, CaMK II inhibitors KN-62 and KN-93 and PKA inhibitor H-89). Most of the inhibitors decreased the mean open probability of the K ATP channels. The blocks were reversed after washout of the inhibitors. Our data showed that the PKC inhibitor BIM, the PKG inhibitor KT5823, and the CaMKII inhibitors KN-62 and KN-93 produced a concentration-dependent suppressive impact on the K ATP channel activities induced by hypoxia and GSSG ( Figure 6A-6D) . However, H-89 had no effect on the mean open probability during hypoxia or in the presence of 1 mmol/L GSSG ( Figure 6E) . Surprisingly, these findings suggest that the effects of both GSSG and hypoxia on K ATP channels involve the activation of the PKC, PKG, and CaMK II signaling pathways, but not that of the PKA pathway.
Stimulation of the K ATP current
The ramp pulses were applied every 15 s from -100 to +100 mV (at 40 mV/s). The outward current was rapidly increased by the GSSG. The average reversal potential (V rev ) was -78.6±0.6 mV (n=6), which was close to the equilibrium potential for K + (E K ) (-83 mV) [E K =-59 mV×log(140/5.4)], suggesting that most of the current stimulated by GSSG was a K + current. This effect usually began 1 to 5 min after exposure to GSSG and reached a maximum within 1 to 2 min from the onset of the response. Glibenclamide (20 µmol/L), a relatively specific inhibitor of the K ATP channels, eliminated the GSSG-stimulated current (n=6), as shown in Figure 7F . Therefore, the GSSGstimulated current is similar to I KATP in pattern.
To investigate the effects of GSH/GSSG, GSH/Hypoxia and DTT/H 2 O 2 on the current-voltage relationship of the outward currents, we applied command voltage pulses of 500 ms in duration from a holding potential of -40 mV to various membrane potentials (from -100 to +100 mV) to the ventricular cells at 0.2 Hz. After 15 min of perfusion with 1 mmol/L GSSG, the prominent outward currents increased markedly. However, the application of 1 mmol/L GSH (applied after 15 min perfusion with 1 mmol/L GSSG) depressed the GSSG-increased I KATP ( Figure 7G ). Figure 7H presents the current-voltage relations for the currents produced by the different doses of H 2 O 2 (0.3, 0.6, and 1 mmol/L), and 1 mmol/L DTT, which could reverse the increased K ATP channel current induced by H 2 O 2, was then employed after the addition of 1 mmol/L H 2 O 2 . After hypoxia for 15 min, the prominent outward currents returned ( Figure 7I ) when 1 mmol/L GSH, which could reverse the increased I KATP , was added into the hypoxia solution (hypoxia+GSH).
To investigate the signaling pathway involved in the hypoxia-mediated and GSSG-mediated action of I KATP , we applied the PKC inhibitor BIM (1 µmol/L), the PKG inhibitor KT5823 To further investigate the signaling pathway involved in the GSSG-mediated action of I KATP , we examined the effects of the PKC inhibitor BIM, the PKG inhibitor KT5823, the CaMK II inhibitors KN-62 and KN-93 and the PKA inhibitor H-89 on the I KATP induced by GSSG. Figure 8 shows that BIM ( Figure   8B ), KT5823 ( Figure 8C ), KN-62 ( Figure 8D ) and KN-93 (Figure 8E) suppressed I KATP in a concentration dependent pattern. In our study, the procedure for the application of these drugs was in principle the same as those shown in Figure 6A -6E, and the current amplitude of the K ATP channels remained unchanged when no GSSG was externally applied to the rat ventricular myocytes in the whole cell (data not shown). After the application of 1 mmol/L GSSG to obtain a stable I KATP , the recorded cells were then exposed to an increasing dose of inhibitors (PKC inhibitor BIM, PKG inhibitor KT5823, CaMK The blocks were reversed after the washout of the inhibitors. However, the blocks were also reversed partially with time, probably as a consequence of the high I KATP activity induced by GSSG. Our data suggests that the GSSG-induced increase of I KATP involves the activation of PKC, PKG, and CaMK II but is not mediated by the activation of PKA. Therefore, the effects of both GSSG and hypoxia on the K ATP channels involve the activation of PKC, PKG, and CaMK II but not that of the PKA pathway. These results are consistent with the single channel patch-clamp techniques ( Figure 6A-6E ) and the whole-cell recording patch clamp techniques ( Figure 6F ).
Discussion
In the present study, we have demonstrated the possible regulatory mechanisms of a redox agent and hypoxia on the I KATP in rat ventricular myocytes. Oxidants and reductants have been used as various redox systems to investigate the link between the redox state and the K ATP channels. In our study, we employed the redox couple GSH/GSSG, DTT/H 2 O 2 directly. Under normal conditions, cellular defenses against hypoxia include a high intracellular content of GSH and a low content of GSSG, which remains protein thiol groups in a reduced state. During hypoxia, the content of GSH is decreased, while GSSG is increased. Glutathione, the major cytosolic redox buffer in cardiomyocytes, is mainly reduced under normal physiological conditions, and the ratio of GSH to GSSG is generally >10 [32] . However, under pathological conditions, the cytosolic GSH/GSSG ratio, whose maintenance is a critical factor in antioxidant defense, can decrease significantly [33] . The changes in the redox state of proteins play an important role in many cellular functions. Typically, the SH groups of cysteine residues are potential targets for the redox modification of ion channel proteins. The alteration in the redox state of the SH groups of two neighboring cysteine residues can lead to the formation or breaking of disulfide bonds. This redox modification of disulfide bonds affects the structure [34] [35] [36] . Since hypoxia is one of the general problems that any tissue can encounter, many investigators have studied the sensing mechanism of the hypoxic response in various tissues. However, little attention has been paid to the relationship between the effects of redox reactions and hypoxia on I KATP . To examine the possible regulatory mechanisms of redox agents and hypoxia on the K ATP current (I KATP ) and the underlying relationship between them, we used GSH/Hypoxia, GSH/GSSG, and DTT/H 2 O 2 as the different "redox systems" to observe their effects on I KATP and to explore further the possible correlation between the impacts of the redox reaction and hypoxia on I KATP. Our results suggest that hypoxia, quite unexpectedly, acts as an 'oxidizing agent', probably indirectly via the modulation of or a conformational change in a K ATP channel regulatory protein, thereby triggering K ATP channel activity. It is perhaps surprising that lower O 2 levels translate into an oxidizing reaction. However, other experiments also support this idea. From the kinetic perspective, it can be seen that the changing tendency by which hypoxia and the oxidants GSSG and H 2 O 2 modulate the K ATP channel kinetics are similar. Currently, several studies on the increase in I KATP during hypoxia involve O 2 sensing, whose possible mechanisms implicate redox modulation and/or oxygen sensing by membrane-bound and ironcontaining structures [37] . The mechanism by which the K ATP channel senses O 2 levels still remains unclear, but it is clear that the O 2 sensor is attached to the plasma membrane, and a redox reaction is involved [22] . Hypoxia may prevent electron transfer through the electron transport systems [38] . Consequently, electron donors may accumulate in the chain, which may affect the redox state of the K ATP channels. In addition to its direct effect on the cellular membrane, hypoxia can potentially influence the cellular redox state indirectly. It has become increasingly evident that ROS and reactive nitrogen species (RNS) are overproduced from metabolic processes during hypoxia [39, 40] . However, the regulation of the channel appears to be more complex than that and may involve the modulation by PKC, G proteins and changes in the redox potential of the cell [41, 42] . In order to determine whether the increase in the K ATP channel activity triggered by hypoxia or oxidants involved cytosolic second messenger(s), we exposed excised inside-out patches to hypoxia or the representative GSSG, but both of them failed to activate the K ATP channels to increase I KATP . Therefore, this suggests that neither hypoxia nor GSSG acts upon the K ATP channels directly but rather affect them indirectly by activating the signaling pathway. However, to our knowledge, it has been reported that I KATP are subjected to dual modulation by PKC and PKA [43, 44] . Further, the activities of the K ATP channels have been shown to be modulated by PKA-and PKC-mediated phosphorylation [19, 45, 46] . In addition, it has also been reported that other protein kinases, such as tyrosine protein kinase and AMP-activated kinases, are involved in the modulation of K ATP channels [47] [48] [49] [50] . However, it still remains unclear whether the signaling pathway is activated in the process when the redox agent acts upon I KATP . To investigate the signaling pathway involved in the regulatory mechanisms of the redox agent on I KATP , we employed an oxidizing agent, the representative GSSG, to mediate the action of I KATP . We employed the PKC inhibitor BIM, the PKG inhibitor KT5823, the CaMK II inhibitors KN-62 and KN-93 and the PKA inhibitor H-89 to intervene I KATP in whole-cell experiments (the drugs in the patch pipette, Figure 6F ) and cell-attached experiments (external application of inhibitors to rat ventricular myocytes, Figure 6A -6E), which were induced by GSSG. The results suggest that the GSSG-induced increase in I KATP involves the activation of PKC, PKG and CaMK II but is not mediated by the activation of PKA. Therefore, several signaling mechanisms are related to the K ATP channel modulation, with fluctuations in the oxidant/antioxidant balance influencing the activation of protein kinases and phosphatases [51] [52] [53] . In our experiment, GSSG increased the open probability of the K ATP channel, which can be increased by PKC activation in cardiomyocyte membrane patches [24] . PKC, which is sensitive to redox modifications [54, 55] , can be activated by oxidative stress [54, 56, 57] and inhibited by antioxidants [54] . Certainly, there is evidence that the K ATP channels have potential phosphorylation sites, including serine/threonine residues [58] [59] [60] [61] , and that the channels are activated by the phosphorylation of these residues [62] . Since PKG is a serine/threonine protein kinase, it is likely that PKG leads to the phosphorylation of the K ATP channels. In this study, we examined the signal transduction pathways involved in the PKG-dependent phosphorylation. Han and coworkers [63] investigated the surface K ATP channel activity in adult rabbit ventricular myocytes using the patch-clamp technique. Their study showed that the K ATP channel activation in these cells can occur through a signal transduction pathway that involves guanylyl cyclase activation, increased production and accumulation of cGMP, and activation of PKG; moreover, they proposed that the K ATP channel phosphorylation and activation was the result. However, since PKG and PKA share some similarities in protein substrate sequence specificity, it is possible that PKG can phosphorylate PKA-selective sites. To determine which are the more potent kinase in activating the K ATP channels, we applied the PKA inhibitor H-89 to intervene in the K ATP currents, which were induced by GSSG. The results suggest that H-89 had an effect on the K ATP channels at concentrations up to 10 µmol/L (Figure 8 ). These findings strongly suggest that the K ATP channels are stimulated by PKG but not by PKA. As previously described, PKA is inhibited by the oxidation via either glutathionylation of Cys199 in the activation loop or the formation of an internal disulfide bond between Cys199 and Cys343 [64] . CaMK II can phosphorylate and alter the function of many substrates [65, 66] . CaMK II, the predominant isoform in the heart [67, 68] and initially identified in the nervous system, is found in most tissues [67, 69] . Our study demonstrated that GSSG could activate the CaM kinase II in rat ventricular myocytes. Furthermore, previous work suggested that Ca 2+ /calmodulin kinase (CaMK) can be activated by H 2 O 2 and is sensitive to redox [70] . npg Surprisingly, our findings show that the effects of hypoxia on the K ATP channels involve activation of the PKC, PKG, and CaMK II signaling pathways, but not that of the PKA pathway; similar results were also found for the oxidant GSSG. Judging from these results, we speculate that hypoxia and the redox reaction are closely related to the modulation of I KATP. In general, hypoxia-increased I KATP may result from the direct effect of hypoxia on the K ATP channel protein [71, 72] . However, in our present study, the results suggest that the impact of hypoxia on the K ATP channels involve the activation of PKC, PKG, and CaMK II, but it is not mediated by the activation of PKA (Figure 8 ). During hypoxia, the generation of mtROS is likely to alter the intracellular redox status, thus activating PKC, PKG, and CaMKII indirectly and finally resulting in the phosphorylation of the K ATP channels and an increase in I KATP .
K ATP channels are thought to play a key role in cardioprotection. When the concentration of ATP decreases and the Ca 2+ concentration increases by metabolic stress such as hypoxia, the K ATP channels are activated in the cardiac myocytes [73, 74] . The activation of the K ATP channels protects the myocardium from Ca 2+ overloading and mediates preconditioning [75] . In early preconditioning research, K ATP channels were proposed to play an important role in preconditioning-mediated cardioprotection [76] . Intracellular ROS formed under oxidative stress has also been presumed to be involved in preconditioning [77] [78] [79] [80] . Although it is well established that high levels of ROS are detrimental [81] , moderate levels of H 2 O 2 have been shown to elicit a cardioprotective effect similar to that observed with ischemic preconditioning [77, 78] . Cellular antioxidant capacity has been observed to fall during preconditioning, as the total tissue glutathione levels drop to below 70% of the initial preischemic values [80] , suggesting thiol oxidation in the course of ischemic preconditioning. Furthermore, previous studies [77, 78, 80] suggest that a pro-oxidant environment before ischemia such as ischemic preconditioning is important for cardioprotection. Thus, we believe that oxidizing agents or oxidants should be considered in the future as new therapeutic regimens or targets for clinical ischemic heart diseases. For example, diazoxide, a selective opener of the mitochondrial K ATP channel, has been shown to elicit tolerance to ischemia in cardiac myocytes and in perfused hearts.
Although we are curious about how GSH, GSSG, DTT, and H 2 O 2 permeate the cell membranes and take effect, their extracellular applications do affect the intracellular redox state. The underlying mechanisms remain to be studied further.
In our study, single K ATP channels were recorded in 320-340 of 430−470 patches under our experimental conditions. Furthermore, this channel was sensitive to glibenclamide (a relatively specific inhibitor of I KATP ). It seems that the K ATP channel was the dominant type of channel. Although there are several kinds of potassium channels in ventricular myocytes, such as transient outward potassium channels, delayed rectifier potassium channels and calcium activated potassium channels, in addition to the K ATP channel, the current due to these potassium channels can be ignored because it is comparable to the significant I KATP (Figure 7) . However, in our experiment, there were no specific potassium channel blockers in the bath solution or the pipette solution because these blockers may affect other ion channels. Further, in many previous studies that recorded I KATP , there was nothing special in the formula for the extra/intracellular solution or for the voltage protocols used in whole-cell patch clamp experiments [50, 75, [82] [83] [84] [85] . The effects of GSSG or hypoxia on the I KATP are similar both under whole-cell and single-channel recording models due to the changing tendency between them, the channel kinetics and the signaling pathways that modulate I KATP . Furthermore, our experimental results demonstrated that the mechanisms by which hypoxia and the oxidants GSSG or H 2 O 2 modulate the K ATP channel kinetics are similar, whereas the mechanisms by which the oxidants GSSG or H 2 O 2 and the reductants GSH or DTT modulate the K ATP kinetics are opposite to each other. Therefore, we assume that the K ATP channel activities may exist during hypoxia and even during a redox reaction, depending on the different cellular redox environments. Furthermore, we also suggest that the hypoxia-induced K ATP channel activities are closely associated with the redox reactions and that the cellular redox state regulates the properties of the K ATP channels. At present, we can adequately prove that the increased I KATP induced by hypoxia is intimately related to oxidization, but we can only interpret the underlying mechanism by proposing the assumption that hypoxia and the oxidizing reaction are closely related to the modulation of I KATP based on our current findings. To discern the concrete mechanisms, we need to study the properties of the K ATP channels further.
